Abstract-In
Ca-deficient smooth muscle of guinea-pig taenia coli, repeated application of high-K solution (45.4 mM) containing Ca induced contractions of similar shape and magnitude.
In muscle treated by a Ca and Mg-deficient solution, however, addition of Ca and K either did not induce contraction or induced only a delayed contraction.
Ouabain (1 X10-3 M) also inhibited Ca and K-induced contraction.
Na content of taenia coli smooth muscle increased and K content decreased during incubation in Ca and Mg-deficient solution.
Ouabain produced similar, but smaller, changes in Na and K contents.
Contractility of Ca and Mg deficient taenia partially recovered if the muscle was treated with Na-deficient solution which resulted in a large decrease in Na content.
Similar treatment produced only a small decrease in Na content in ouabain-treated taenia, and con tractility did not recover in these muscles.
Application of hyperosmotic NaCI (160 mM) decreased tissue weight in both control and ouabain-treated taenia. In muscle treated with Ca and Mg-deficient solution, however, hyperosmotic NaCI application had little effect on tissue weight.
Following pretreatment of muscle with Ca and Mg-deficient solution (containing 2 mM EDTA) for 2 hr, graded contractions were induced by cumulative application of Ca between 10-7 to 10-6 M in the presence of Mg and ATP. It is concluded that Ca and Mg-deficient solution increases membrane permeability and also abolishes transmembrane gradients of Na and K in guinea pig taenia coll.
In the intestinal smooth muscle of guinea pig taenia coli, Ca-deficient solution de polarizes the membrane, and the addition of Mg causes repolarization of the membrane (1). Bulbring and Tomita (2) observed a Na dependent, spike-like activity in taenia coli in Ca-deficient solution and concluded that Ca regulates the Na permeability of the membrane.
It has been reported that Ca deficient solution increases the trans membrane flux of K and possibly also Ca in guinea pig ileal longitudinal muscle (3, 4). However, little is known about the effect of simultaneous removal of Ca and Mg on Na and K contents of intestinal smooth muscle. This study was designed to address this question.
Materials and Methods
Male guinea-pigs weighing 250 to 300 g were killed by a sharp blow on the neck. The abdominal cavity was opened, and a section of taenia coli 5 to 10 mm in length was removed.
Each muscle strip was weighed, attached to a tissue holder under a resting tension of 0.2 g and equilibrated in bathing solution for 60 to 90 min before initiation of the experiments.
Tissue Na and K content of the muscle strips were expressed in terms of their initial weight, which ranged from 5 to 10 mg.
The normal bathing solution contained 136.9 mM NaCI, 5.4 mM KCI, 1.5 mM CaCI2, 1.0 MM MgCl2, 23.8 mM NaHCO3 and 5.5 mM glucose (5). CaC12 and/or MgCl2 were removed and 1.0 mM ethyleneglycol bis a-aminoethyl ether N,N,N',N'-tetraacetic acid (EGTA) was added to the Ca-deficient solution. Low Na solution was made either by replacing 120 mM NaCI with equimolar KCI or by replacing 136.9 mM NaCI with equimolar LiCI. Oxalacetate, 5.5 mM, was added to the low Na solutions since Na deficiency inhibits contractility of taenia by inhibiting Na-glucose cotransport and hence ATP production (6, 7). High K solution was made by increasing the concentration of KCI in normal solution to 45.4 mM. All solutions were aerated with a 95% 02 and 5% CO2 gas mixture at 37'C (pH 7.4). Muscle tension was recorded isometrically with a force-displace ment transducer connected to a Nihon Kohden polygraph (Japan). For determination of tissue Na and K content, muscle strips were ashed by heating at 200°C in a 0.5 ml mixture containing equal amounts of HNO3 (61%) and HCIO4 (60%). To determine cellular Na and K contents, the previously described Li-wash method (8, 9) was used. Briefly, in order to remove extracellular Na and K, muscle strips were washed for 30 min at 0°C with Li-substituted solution containing 142.3 mM LiCI, 1.5 mM CaC12, 1.0 MM MgC12, 23.8 mM LiHCO3 and 5.5 mM glucose. In a preliminary experiment, it was confirmed that Li does not penetrate the cell during the wash period at 0°C even in Ca and Mg-depleted muscle. After the Li-wash, muscle strips were ashed as described above. Ashed samples were dissolved in 0.01 N HCI, and Na and K contents were determined by flamephotometry (10). Functional skinning of the muscle was performed as follows: Muscle fibers about 3 mm long and about 0.1 mm thick were teased out of taenia and attached horizontally to a strain-gauge transducer. Fibers were treated at 24°C by a Ca and Mg-deficient solution containing 135.0 mM KCI, 20.0 mM Tris maleate (pH 6.8), and 2.0 mM ethylenediami netetraacetic acid (EDTA) for 2 hr and then briefly washed by a relaxing solution contain ing 130.0 mM KCI, 20.0 mM Tris maleate (pH 6.8), 4.0 mM EGTA, 5.0 mM MgC12 and 4.0 mM ATP. Ca concentration of this solution was increased by adding CaC12 and changes in pH were adjusted. The concen tration of free Ca was calculated using the apparent binding constant for EGTA, 1.0x106 M-1 (11).
All data were expressed as the mean±S.E. Statistical significance was determined by Student's t-test.
Results
Effects of 1.5 mM Ca and 1.0 mM Mg on tension development in taenia coli are shown in Fig. 1 . Repeated application of 45.4 mM K induced contractions of similar shape and magnitude in the presence of both Ca and Mg. In agreement with previously reported studies (12), removal of Mg from the external medium did not change the high-K induced contraction.
In muscle treated with a Ca deficient solution containing 1.0 mM EGTA and 1.0 mM Mg, repeated application of 45.4 mM K and 1.5 mM Ca also induced contractions of similar magnitude and shape. However, in muscle treated with a Ca and Mg-deficient solution containing 1.0 mM EGTA for 15 min, addition of 45.4 mM K and 1.5 mM Ca did not induce contraction. Prolonged application of K and Ca induced a slowly-developing contraction, as shown in Fig. 1 , if the pretreatment (in Ca and Mg deficient solution) did not exceed 60 min. Figure 2 depicts time courses of the inhibitory effects of Ca and Mg-deficient solution.
K and Ca-induced contractions were inhibited 15 min after the exposure of the muscle to Ca and Mg-deficient solution. When the muscle was treated with low Na (23.8 mM) solution for the last 10 min of the 15 to 90 min period of the Ca and Mg depletion, muscle contractility partially recovered, as shown in Fig. 2 .
Since the inhibitory effect of a Ca and Mg-deficient solution seemed to be related to cellular Na accumulation, the effect of ouabain, an inhibitor of the Na pump, was examined.
As previously reported (13), treatment of taenia for 30 min with 1 X 10-3 M ouabain inhibited the contraction induced by 45.4 mM K in the presence of both Ca and Mg. Treatment of muscle with low Na solution (23.8 mM) containing ouabain for the last 10 min of the 30 min incubation period did not result in recovery of the con tractile tension. Table 1 and Fig. 3 . Ca and Mg-deficient solution, as well as ouabain, increased Na content and decreased K content in taenia, although the effect of the Ca and Mg deficient solution was much greater than that of 1 X 10-3 M ouabain. Addition of ouabain to the Ca and Mg-deficient solution did not produce an additive effect on the changes in tissue Na and K contents (Fig. 3) . In the muscle treated by a Mg-deficient solution, neither Na nor K content was changed from their respective control values. In muscle treated with Ca-deficient solution, however, Na content increased, while K content did not change (Table 1 ) .
In the next experiments, decreases in tissue Na content in a low Na, Li-substituted solution were examined. Muscle strips were pretreated with either a Ca and Mg-deficient solution or 1 X 10-3 M ouabain for 20 min and then washed with a low Na, Ca and Mg depleted solution or a low Na, ouabain containing solution. Control muscles were simply washed by a low Na solution. As suming the extracellular space of taenia to be 40% (14), Na content in extracellular space in normal medium is 160.7X0.4=64.3 mmol/ kg, whereas the value in low Na solution is 23.8x0.4=9.5 mmol/kg, and the predicted amount of Na to be washed out from the extracellular space in a low Na solution is 64.3-9.5=56.8 mmol/kg. Tissue Na de creased by 30.7±1.4 mmol/kg (n=6) in the control and by 34.5±2.7 mmol/kg (n=6) in ouabain-treated muscle during the first 3 min of washout, possibly because a larger part of the extracellular Na was washed out by the low Na solution. In muscle treated with Ca and Mg-deficient solution, however, the decrease in tissue Na during the first 3 min (86.4±10.0 mmol/kg, n=6) was greater than the predicted loss from the extracellular space. Application of hyperosmotic NaCI (160 mM) for 30 min decreased the wet weight of the muscle by 40.6±0.9% (n=6). Treatment of muscle strips for 60 min with 1 X 10-3 M ouabain slightly decreased wet weight by 9.5±1.7% (6). Addition of 160 mM NaCI for 30 min further decreased the weight of the ouabain-treated tissue by 32.6±1.3% (n=6). Incubation of ouabain-treated muscle with Ca and Mg-deficient solution for 30 min did not change the wet weight (P<0.01, n=6), and addition of 160 mM NaCI for 30 min decreased it only by 4.3±1.0% (n=6).
As shown in Fig. 4 , muscle strips treated with 2 mM EDTA for 2 hr responded to micromolar concentrations of Ca (concen tration of Ca to induce half maximum con traction was 2 X 10-6 M) which was de pendent on Mg and ATP. These contractions were not inhibited by 10-6 M verapamil. After repeated applications of 10-4 M Ca, however, sensitivity of the muscle to Ca decreased (Fig. 5) , and addition of 1.5 mM Ca induced a verapamil-sensitive contraction in the absence of ATP, suggesting the recovery of normal membrane permeability. 
Discussion
In Mg-deficient solution, neither muscle contractility (K and Ca-induced con tractions) nor Na and K contents changed in taenia coll. In Ca-deficient solution, muscle contractility in response to added K and Ca did not change, either. However, Na content increased while K content did not change in the absence of Ca. The large increase in tissue Na content in Ca-deficient taenia may be attributable mainly to the increased binding of Na to the Ca-binding site on the cell surface and also to the increased extracellular space of the Ca-deficient, relaxed tissue because the increase in cellular Na was small. solution, while Na content increased and K content decreased. The contractility of the muscle partly recovered in low Na solution, possibly because excess cellular Na, which inhibits excitation-contraction coupling (8), is reduced. Alternatively, the rapid loss of cellular Na in low Na solution might be coupled to Ca influx and thus muscle con traction recovered.
In either case, Na ac cumulation in the cell is partially responsible for the inhibition of contractility. It has been reported that Mg-depletion in vascular smooth muscle inhibits the activity of Na, K ATPase (15). Therefore, we compared the effect of a Ca and Mg-deficient solution with that of ouabain which is a specific inhibitor of this enzyme. It was found that although both the Ca and Mg-deficient solution and ouabain changed Na and K contents down their concentration gradients, the effect of the Ca and Mg-depleted solution was much stronger than that of the maximally effective concentration (10-3 M) of ouabain. Further, loss of Na during the low Na treat ment was greater in the Ca and Mg-deficient muscle than in the ouabain-treated muscle. This result explains why the ouabain-induced inhibition of contraction was not restored by briefly washing the muscle with low Na solution. These data suggest that changes in Na and K contents in the absence of both Ca and Mg are attributable to increased mem brane permeability to Na and K and not to inhibition of Na, K-ATPase. This suggestion was confirmed by the finding that although application of hyperosmotic NaCI induced shrinkage in normal and ouabain-treated tissues, very little shrinkage was observed in Ca and Mg-deficient tissue.
To determine how much the membrane permeability changed in the absence of Ca and Mg, micromolar concentrations of Ca was added to muscle strips treated with EDTA for 2 hr. Sustained contraction which was dependent on Mg and ATP in these tissues was observed. This finding suggests that the membrane of this muscle is permeable not only to Ca and Mg but also to a larger molecule like ATP. This treatment does not seem to affect the contractile machinery since the Ca-tension relationship obtained in this experiment is similar to that of saponin skinned taenia coil (16). The increase in membrane permeability was reduced when 0.1 mM Ca and 1.0 Mg was added. Winergrad has reported that exposure of cardiac muscle to EDTA for 1 5 min at room temperature (17) or to EGTA for at least 12 hr at 0°C (18) made the sarcolemma highly permeable to small ions and molecules.
